The treatment of early Parkinson's disease with dopaminergic agents remains the mainstay of symptomatic therapy for this incurable neurodegenerative disorder. However, clinical responses to dopaminergic drugs vary substantially from person to person due to individual-, drug-and disease-related factors that may in part be genetically determined. Using clinical data and DNA samples ascertained through the largest placebo-controlled clinical trial of the monoamine oxidase B inhibitor, rasagiline (ClinicalTrials.gov number, NCT00256204), we examined how polymorphisms in candidate genes associate with the clinical response to rasagiline in early 
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Introduction
Parkinson's disease is a neurodegenerative disorder characterized by motor and non-motor symptoms that significantly impact the quality of life of patients and their families [Lang and Lozano 1998 ]. Early symptoms and signs are predominantly due to profound deficits in the neurotransmitter dopamine, which result from progressive loss of midbrain neurons within the substantia nigra projecting to the striatum. Several treatments improve nigrostriatal dopaminergic function, resulting in symptomatic benefit [Connolly and Lang 2014] . Responses to dopaminergic therapies are characterized by an early and pronounced initial peak benefit, followed by sustained benefit, which later diminishes as disease progression persists [Fahn et al. 2004; Nutt and Holford 1996] . The peak and sustained responses to anti-Parkinsonian therapies vary substantially from person to person and may relate to individual-, drug-and disease-specific factors [Nomoto et al. 2009 ], all of which may be influenced by genetic determinants [Schumacher-Schuh et al. 2014] . It is therefore plausible that pharmacogenetics, studying the role of genetic variation in person-to-person differences associated with drug response and adverse effects, may elucidate the mechanisms underlying the inter-individual variability observed in symptomatic benefit to anti-Parkinsonian agents in Parkinson's disease [Schumacher-Schuh, Rieder, and Hutz 2014] .
A recent systematic review on the topic of pharmacogenomics in Parkinson's disease identified that the most common dopaminergic drug-related phenotypes studied were motor fluctuations and levodopa-induced dyskinesias, hallucinations and psychosis, as well as sleep attacks and excessive daytime sleepiness [Schumacher-Schuh, Rieder, and Hutz 2014] . Levodopa, pramiprexole, entacapone, and tolcapone as well as various combinations of dopaminergic drugs were evaluated and the majority of studies were cross-sectional employing a case-control (that is, presence or absence of drug phenotype) design. Polymorphisms within the dopamine D2 receptor (DRD2), dopamine transporter (SLC6A3), and catechol-O-methyltransferase (COMT) genes were the most frequently investigated. Five studies have shown an association between DRD2 polymorphisms and phenotypes related to motor fluctuations and/or dyskinesias [Oliveri et al. 1999; Rieck et al. 2012; Strong et al. 2006; Wang et al. 2001; Zappia et al. 2005] , whereas three studies were negative [Kaiser et al. 2003; Kaplan et al. 2014; Lee et al. 2011] .
Only three papers used response data derived from clinical trials in Parkinson's disease [Chong et al. 2000; Corvol et al. 2011; Moreau et al. 2015] . Chong et al. [Chong, Suchowersky, Szumlanski, Weinshilboum, Brant, and Campbell 2000] genotyped the COMT functional Val158Met polymorphism in 24 Parkinson's patients who participated in a clinical trial of tolcapone and did not find any significant association between change in the UPDRS motor subscore after treatment. Corvol et al. [Corvol, Bonnet, Charbonnier-Beaupel, Bonnet, Fievet, Bellanger, Roze, Meliksetyan, Ben, Hartmann, Lacomblez, Vrignaud, Zahr, Agid, Costentin, Hulot, and Vidailhet 2011] conducted a double-blind crossover trial of entacapone vs. placebo evaluating gain in 'on time' in response to a levodopa challenge dose in two extreme genetic groups with the COMT Val158Met polymorphism: Val/Val homozygotes (n=17) and Met/Met homozygotes (n=16). Those homozygous for the Val allele had a greater gain in 'on time' [Corvol, Bonnet, Charbonnier-Beaupel, Bonnet, Fievet, Bellanger, Roze, Meliksetyan, Ben, Hartmann, Lacomblez, Vrignaud, Zahr, Agid, Costentin, Hulot, and Vidailhet 2011] . Moreau et al. [Moreau, Meguig, Corvol, Labreuche, Vasseur, Duhamel, Delval, Bardyn, Devedjian, Rouaix, Petyt, Brefel-Courbon, Ory-Magne, Guehl, Eusebio, Fraix, Saulnier, Lagha-Boukbiza, Durif, Faighel, Giordana, Drapier, Maltete, Tranchant, Houeto, Debu, Azulay, Tison, Destee, Vidailhet, Rascol, Dujardin, Defebvre, Bordet, Sablonniere, and Devos 2015] examined response to a levodopa challenge in 61 late-stage Parkinson's patients with subthalamic nucleus stimulation before and after randomization to adjunctive methylphenidate or placebo and found an association between two SLC6A3 variants and improvement in Parkinson symptoms after each of the challenges [Moreau, Meguig, Corvol, Labreuche, Vasseur, Duhamel, Delval, Bardyn, Devedjian, Rouaix, Petyt, Brefel-Courbon, Ory-Magne, Guehl, Eusebio, Fraix, Saulnier, LaghaBoukbiza, Durif, Faighel, Giordana, Drapier, Maltete, Tranchant, Houeto, Debu, Azulay, Tison, Destee, Vidailhet, Rascol, Dujardin, Defebvre, Bordet, Sablonniere, and Devos 2015] .
Pharmacogenetic studies of Parkinson's disease to date have been limited by small sample sizes, confounding effects of polytherapy in late stage Parkinson's disease, evaluation of only a few genetic markers at a time, and failure to correct for multiple testing and the placebo effect.
Additional work is required to overcome these limitations using larger sample sizes and data from randomized, placebo controlled trials.
Rasagiline [N-propargyl-(1R) -aminoindan] is a selective, irreversible inhibitor of monoamine oxidase B approved for use in the symptomatic treatment of Parkinson's disease [Rascol et al. 2005; The Parkinson Study Group 2002; . Inhibition of monoamine oxidase B reduces the oxidative deamination of endogenous and exogenous (that is, produced from levodopa) dopamine [Thebault et al. 2004] . Therefore, brain levels of dopamine are increased and nigrostriatal dopaminergic function is presumably improved resulting in clinical benefit [Thebault, Guillaume, and Levy 2004] . In addition to monoamine oxidase B, there are several other important enzymes, transporters and receptors that influence central dopamine turnover [Meiser et al. 2013] and are the targets of most anti-Parkinsonian medications. Tyrosine hydroxylase and dopa decarboxylase are the main enzymes involved in dopamine biosynthesis [Meiser, Weindl, and Hiller 2013] with the latter being inhibited in the periphery by carbidopa or benzeraside to increase the bioavailability of levodopa reaching the brain [Connolly and Lang 2014] . Nigrostriatal dopamine released into the synapse interacts with both pre-synaptic and post-synaptic dopamine receptors falling into two major classes: D1-like and D2-like, which respectively stimulate or inhibit G-proteins leading to differential neuronal cellular responses [Seeman and Van Tol 1994] and are the targets of dopamine agonists [Connolly and Lang 2014] .
The dopamine transporter is responsible for neuronal reuptake of dopamine from the synapse [Meiser, Weindl, and Hiller 2013] . Together with monoamine oxidase B, monoamine oxidase A also acts to degrade neuronal cytosolic dopamine [Meiser, Weindl, and Hiller 2013] . Dopamine that remains in the synaptic cleft is also taken up by glial cells and degraded by monoamine oxidases and catechol-O methyl transferase [Meiser, Weindl, and Hiller 2013] , the latter being the target of entacapone (peripheral inhibitor) and tolcapone (acts both centrally and peripherally) [Connolly and Lang 2014] . Finally, via phase II conjugation reactions, dopamine and its metabolites can undergo O-sulfatation and O-glucuronidation both in the central nervous system and the periphery before being excreted [Meiser, Weindl, and Hiller 2013] . Thus there are many important players in dopamine metabolism that can potentially influence clinical responses to anti-Parkinsonian medications.
With respect to rasagiline, there is variability among individuals in their clinical response profile [Guay 2006] . We therefore performed a pharmacogenetic association study using clinical data obtained from the ADAGIO trial [Olanow et al. 2009 ] to identify gene markers associated with response to rasagiline. Candidate genes that encode proteins involved in the pharmacokinetics and pharmacodynamics of rasagiline were selected to study the impact of drug-related mechanisms on clinical response [Bar-Am et al. 2010; Chen and Swope 2005] . Gene variants identified in genome wide association studies of Parkinson's disease [Do et al. 2011; Nalls et al. 2011 ;International Parkinson's Disease Genomics Consortium (IPDGC) and Wellcome Trust Case Control Consortium 2 (WTCCC2) 2011] were also evaluated to account for diseasespecific genetic factors that may contribute to Parkinson's disease progression, severity and/ or clinical response.
We hypothesized that after controlling for placebo effects, which are known to be modulated through the dopaminergic mesocorticolimbic system [Fuente-Fernandez et al. 2001; FuenteFernandez and Stoessl 2002] , one or more candidate gene polymorphisms would be associated with the peak symptomatic benefit to rasagiline observed at 12 weeks. We further hypothesized that the same or other polymorphisms will be associated with slowing the worsening of Parkinson symptoms under rasagiline therapy from 12 to 36 weeks of placebo-controlled follow up.
Materials and Methods
Subjects and Clinical Study Design
The ADAGIO study design has been previously described [Olanow, Rascol, Hauser, Feigin, Jankovic, Lang, Langston, Melamed, Poewe, Stocchi, and Tolosa 2009] . Newly diagnosed, untreated Parkinson's disease patients were recruited from 129 centers across 14 countries. The diagnosis was based on the United Kingdom Parkinson's Disease Society Brain Bank Criteria for clinically probable disease. Patients were randomly assigned to different treatment (delayed or early start of rasagiline) and dosage groups (1mg or 2mg daily) in a balanced fashion. For the first 36 weeks, the delayed start groups received placebo. The early start groups received rasagiline immediately. In the placebo-controlled phase, patients were assessed at baseline and followed longitudinally with 12 week visits up to 36 weeks. If Parkinson's disease symptoms progressed to the point of requiring anti-Parkinsonian therapy, subjects were given appropriate therapy and withdrawn from the trial or switched to rasagiline and continued follow-up. Subjects were invited to provide a blood sample for genetic assessment, which required written informed consent approved by the local institutional review board and in accordance with the Declaration of Helsinki. Comparison between the pharmacogenetics cohort and subjects not included in the genetic analysis was undertaken to ensure concordance in baseline characteristics.
DNA Collection and Extraction
Consenting patients provided samples of whole blood for the voluntary pharmacogenomics study, shipped to Eurofins Medigenomix GmbH, Ebersberg, Germany in EDTA vacutainertubes. DNA extraction was performed using the Chemagen DNA extraction method (Eurofins Medigenomix GmbH, Ebersberg). DNA samples were then prepared for shipment and transferred to the Neurogenetics Laboratory at the Centre for Addiction and Mental Health (Toronto, Canada), where genotyping was completed. Remaining aliquots were then shipped frozen on dry ice to BioStoratge Technologies, Inc. (Germany) for biobanking at -80°C.
Experimental Design
Candidate Gene Polymorphism Selection 
Genotyping
SNPs were genotyped on the Life Technologies OpenArray NT genotyping platform. Briefly, the extracted DNA was mixed with reagents optimized for the OpenArray reaction. The combined mixture was robotically loaded onto an array containing a user-defined set of specific oligonucleotide primers and probes for the analysis of the SNPs of interest. The reaction then underwent standard PCR amplification and the products were visualized and automatically genotyped using the QuantStudio Real-Time PCR system and software. The VNTRs [genes:
SLC6A3, DRD4, SLC6A4 Linked Polymorphic Region (including the rs25531 SNP), and MAOA]
were amplified using standard PCR cycling methods and electrophoresed on the Applied Biosystems 3130 Genetic Analyzer. MAOA rs6323 was amplified using standard PCR cycling methods, digested overnight with the enzyme Fnu4HI and electrophoresed on an agarose gel.
The sex-specific Amelogenin marker was used to determine the sex of each individual.
Data Quality Control (QC)
QC and statistical analysis was performed using plink (version 1.07) [Purcell et al. 2007] Sample QC: A minimum of 10% of samples were genotyped in duplicate for every marker. The overall error rate from the duplicate genotyping was <1%. Samples were excluded based on selfreport of non-Caucasian ancestry (n=19), genotyping call rate <90% (n=16), heterozygosity estimates more than 3 standard deviations from the sample mean (n=2), and conflicting clinical information (n=3). Four individuals had one or two genotypes on the X chromosome (MAOA and MAOB) coded as missing because they conflicted with the reported sex and Amelogenin marker data.
Marker QC: We removed three SNPs for outlying Hardy Weinberg Equilibrium, p-value of <0.001: rs2069514, rs36024 and rs11868035. In addition, there was one functional SNP with a low MAF, rs2735917 with a MAF of 3.4%. Nine SNP markers within CYP1A2 were monomorphic as well as one within STK39 (rs2102808). Twelve of the above 14 SNPs came from genes with multiple typed markers so final coverage of these genes (CYP1A2, SLC6A2, SLC6A3) was still adequate except for rs11868035 and rs2102808 located in the SREBF1 and the STK39 genes, respectively. Therefore, we were not able to investigate association of these latter two genes. The monomorphic markers in CYP1A2 were known to be rare in the Caucasian population, but were selected because they had significant consequences on the function of this important drug-metabolizing enzyme.
After QC procedures, 692 of the 732 samples and 28 genes were analyzed, including 192
polymorphic SNPs and 5 VNTRs. Individuals were removed on a marker by marker basis if the genetic data was missing.
Primary Outcome Measure
The clinical measure used to evaluate features of Parkinson's disease at each visit was the UPDRS. UPDRS scores (range: 0-176) include subscales of mental function (part I), activities of daily living (part II), and motor function (part III), with higher scores indicating more severe
Parkinson symptoms [Fahn et al. 1987] . The change in total UPDRS score from baseline at 12, 24, and 36 weeks after administration of rasagiline or placebo was used as the primary outcome measure in the analyses. Clinical data from the 36 week placebo controlled phase of the trial for both early and delayed start patients was used in the primary genetic analysis. Data from the delayed start group between weeks 36 to 48 was used in a secondary, exploratory analysis. Six hundred and eighty one patients had such data and were included in the analysis.
Primary Hypotheses and Statistical Analyses
Differences between rasagiline and placebo response were evaluated by measuring change in total UPDRS score from baseline to weeks 12, 24 and 36 by number of risk alleles. The hypothesis relating to the peak symptomatic benefit of rasagiline examined the change in total UPDRS scores from baseline to 12 weeks, based on number of risk alleles, in all individuals initially randomized to rasagiline or placebo using the following linear model: weeks of rasagiline therapy was determined to be the point where the maximal or peak drug effects were observed. For this model and the model below, the number of risk alleles was analyzed as a quantitative variable, coded for each SNP as either 0, 1, or 2. Details of coding used for the VNTRs and X-linked markers (that is, MAOA and MAOB) are provided below.
Baseline UPDRS was the only covariate that significantly impacted the model and therefore the only one included (see 'model building' section below). Importantly, of all the covariates checked, rasagiline dosage was not found to be significant. The null hypothesis was that there was no interaction effect between treatment and number of risk alleles.
Power analysis for the peak response study was estimated using Quanto [Gauderman and Morrison 2006] . The power of the study was 80% at the p-value threshold of 0.00025 with a sample size of 681 of whom 50% of the sample were receiving placebo. We assumed the marginal variance explained by the genetic and treatment variable was 2.9% each and the interaction explained 2.8% of the variance, values that are commensurate with previous studies.
The The null hypothesis was that there was no interaction effect of treatment by week by number of risk alleles between weeks 12 to 36.
Statistical models were run for each of the genetic variants. Given the strong a priori rationale for involvement of our candidate genes, multiple testing was controlled for using the False Discovery Rate (FDR) [Benjamini and Hochberg 1995] . Correction was also performed according to the more conservative Bonferroni method. For these methods, 192 tests were included for the SNPs and a further 12 for the VNTRs.
Model Building
We confirmed the assumptions of normality, equal variance, linearity and independence from the predictor variables by creating a QQ plot of the residuals, as well as plotting them against the fitted values and other potential covariates (data available upon request). For both of the peak (12 week) and longitudinal (36 week) models, covariates (for example, time since diagnosis, age, cigarette use, and recruitment country) were inspected and showed no significant effect on the models. Only baseline UPDRS showed a significant effect so this covariate was included. In the original ADAGIO study and in the pharmacogenetics population, there were no significant differences between patients on 1 and 2 mg rasagiline dosages in terms of change in total UPDRS scores during the first 36 weeks of treatment. Furthermore, this covariate was not significant in our study. Therefore, data on patients treated with 1mg and 2mg of rasagiline in the early start group were combined for the pharmacogenetic analysis in order to optimize the sample size and power. For the 36 week longitudinal analysis, a mixed effect model was used with a random intercept and slope for week in study per individual. Visual inspection of the data suggested linearity of response across time hence a continuous variable was used for follow-up time.
Analysis of X-linked Markers and VNTRs
In the primary analysis of both hypotheses relating to the X-linked markers (that is, MAOA and MAOB), male samples with a single copy of the allele were given a risk allele count of 2, an approach which accounts for X-inactivation in females. In a secondary analysis, the doubling was not undertaken and results were similar and are available upon request. Frequencies of the VNTR alleles were checked against the 'ALlele FREquency Database' (ALFRED) [Kidd 2014] and other published sources, and confirmed to be within the expected range. For VNTR analyses, the known functional allele was compared to binned non-functional alleles or the most common allele was compared to the binned frequencies of all other alleles. Details for each VNTR are provided below.
DRD4:
Analysis was performed investigating 0, 1 or 2 copies of the 7-repeat 48 base pair VNTR allele versus all other alleles. The 7-repeat allele of DRD4 has known functional consequences on the dopamine D4 receptor protein and alters its affinity for dopaminergic ligands [Van Tol et al. 1992] .
MAOA:
A 30 base pair VNTR located upstream in the promoter region of MAOA has been
shown to alter transcription of this gene [Sabol et al. 1998 ]. Dummy variables were created for 3-and 4-repeat alleles coded as 0, 1 or 2 indicating the number of alleles present. Other alleles were ignored due to low frequency.
MAOB:
A dinucleotide GT repeat in MAOB has been previously studied for association with
Parkinson's disease [Mellick et al. 1999] . Based on this study, dummy variables were created for repeat length alleles 22-27 coded as 0, 1 or 2 indicating the number of alleles present. Other alleles were ignored due to low frequency.
SLC6A3:
A 40-base pair VNTR downstream of SLC6A3 has been found to alter the density of the dopamine transporter protein in vitro differentially based on the presence or absence of 9-or 10-repeat alleles [VanNess et al. 2005] . Dummy variables were created for repeat alleles 9 and 10 coded as 0, 1 or 2 indicating the number of alleles present. Other alleles were ignored due to low frequency. 
SLC6A4-linked
Calculation of Mean Change in Total UPDRS Score at 12 Weeks from Baseline Taking into Account the Placebo Effect
For purposes of presenting the change in total UPDRS score taking into account placebo effects, we used the following calculation to determine the mean change in total UPDRS score at 12
weeks from baseline subtracting out the placebo response and stratified based on genotype:
(12 week total UPDRS mean change rasagiline -12 week total UPDRS mean change placebo ) ± (√ [SD 2 rasagiline /n + SD 2 placebo /n]). This number was not used in the statistical analysis, but was simply used to illustrate the magnitude of change in total UPDRS above that of placebo.
Results
Patients included in the pharmacogenetic study, and those who were not, were similar in all characteristics of baseline demographics, measures of Parkinson's disease severity and function (table 2) . For patients included in the pharmacogenetic study (n=692), there were no differences between any of the demographic variables and baseline clinical measures between those randomized to rasagiline (1mg or 2mg) and those on placebo (table 3) .
Peak symptomatic benefit from rasagiline: 12 week UPDRS change linear model
Two SNPs were significantly associated with peak reduction in total UPDRS scores (that is, clinical benefit) in response to rasagiline at 12 weeks after controlling for placebo effects: Focusing on the most significantly associated SNP, rs2283265, after subtracting out the placebo response and adjusting for baseline UPDRS, individuals carrying two C alleles had reductions in total UPDRS scores after 12 weeks of rasagiline (mean change= -2.02, SE= 0.40) in contrast to those with either one or no C alleles who clinically worsened (mean change= +0.739, SE= 0.78).
Figure 2 presents the mean change in total UPDRS score from baseline in the treated and placebo groups stratified based on the presence of two C alleles vs. those carrying either one or no C alleles. Virtually identical results were found for rs1076560 (response curves available upon request). Specifically, for rs1076560, after subtracting out placebo response and adjusting for baseline UPDRS, individuals carrying two C alleles had reductions in total UPDRS scores after 12 weeks of rasagiline therapy (mean change= -2.04, SE = 0.40) as compared to those with either one or no C alleles who clinically worsened (mean change= +0.74, SE= 0.75). With respect to the VNTRs and X-linked markers, none were associated with peak benefit to rasagiline.
Using the same statistical model employed in the peak response evaluation of total UPDRS scores, a post hoc analysis was performed with the UPDRS subscores (that is, part I -mental function, part II -activities of daily living, and part III -clinician-evaluated motor function).
This was done in order to determine which specific aspects of patient function improved in response to rasagiline stratified based on DRD2 genotype at SNPs rs2283265 and rs1076560. 
Rasagiline effect on slowing the rate of symptomatic worsening between 12 and 36 weeks: longitudinal UPDRS change mixed effects linear model
No markers were found to be significantly associated with rasagiline effect on rate of worsening of Parkinson symptoms over the 12 to 36 week observation period after controlling for placebo effects and multiple testing. However, in examining the response curves stratified based on DRD2 genotype (figure 2), a drug effect is seen longitudinally over time which is most prominent in those with the CC genotype who improved earlier and with a larger magnitude compared to those who were A allele carriers.
Exploratory analysis of the delayed start group at the transition point off of placebo and onto rasagiline: 36 to 48 week UPDRS change linear model
We did not have access to DNA samples from a large independent cohort of rasagiline treated
Parkinson's patients that included a placebo comparator group. However, we wondered whether similar effects of the DRD2 SNPs, rs2283265 and rs1076560, would be seen in the delayed start group between the time point when they transitioned from placebo (that is, at 36 weeks) to active rasagiline therapy (at 48 weeks). In addition to lacking a control group, the caveats with this approach are that these patients had longer disease duration and more severe disease than the early start group, had received placebo for 36 weeks, and now had no uncertainty about what treatment they were receiving. The 36 week total UPDRS scores represent this group's baseline assessment prior to starting rasagiline while their 48 week total UPDRS scores represent their 12 week follow-up assessment on rasagiline (figure 2). We did not observe any statistically significant association between the change in total UPDRS scores from 36 weeks to 48 weeks for either SNP (rs2283265, p-value= 0.959; rs1076560, p-value= 0.966). Figure 2 shows rasagiline response curves stratified based on DRD2 genotype (that is, CC versus binned CA/AA groups) extended out to 48 weeks in the delayed start Parkinson's cohort. While both CC homozygotes and binned CA/AA genotype groups had comparable mean reductions in their total UPDRS scores between weeks 36 and 48 indicating a similar clinical improvement on rasagiline, CC homozygotes consistently were less symptomatic than those with the CA/AA genotype at both 36 and 48 weeks (figure 2).
Discussion
We found a significant association between two SNPs in DRD2, rs2283265 and rs1076560, and the peak (12 week) improvement in Parkinsonian symptoms in response to rasagiline monotherapy in early stage Parkinson's disease. Importantly, the statistical model controlled for placebo response, which is a well-documented phenomenon observed in all clinical trials and is especially prominent in Parkinson's disease. DRD2 encodes for a key inhibitory G-protein coupled receptor, the dopamine D2 receptor, which localizes to the "indirect pathway" through the basal ganglia. Together with the dopamine D1 receptor-gated "direct pathway" they form the cortico-striato-thalamo-cortical circuits responsible for motor planning and action selection [Alexander and Crutcher 1990] . The D2 receptor is a major target for dopamine produced both endogenously and by exogenously administered drugs, including levodopa and direct acting dopamine agonists, all of which are effective in treating Parkinson symptoms [Connolly and Lang 2014] . rs2283265 and rs1076560 are located in introns 5 and 6, respectively, of DRD2 and both independently alter transcriptional processing of exon 6 by modulating putative splice factor binding sites leading to the expression of two distinct D2 receptor isoforms: D2 long (D2L) and D2 short (D2S) (figure 3) [Bertolino, Fazio, Caforio, Blasi, Rampino, Romano, Di, Taurisano, Papp, Pinsonneault, Wang, Nardini, Popolizio, and Sadee 2009] . The minor A alleles of these DRD2 SNPs predict an increased expression of D2L over D2S as hypothetically illustrated in supplementary figure 1, resulting in possible reduced cortico-striato-thalamo-cortical driven motor output through the "indirect pathway" [Zhang et al. 2007 ].
To Consistent with the known functional consequences of rs2283265 and rs1076560 on dopamine D2 receptor isoform localization and as predicted based on the hypothetical model described in the preceding paragraph, indeed we observed that the CC genotype had the most significant impact on reducing the part III UPDRS motor subscores (that is, improving clinician-evaluated motor function in Parkinson's patients), as compared to those with one or no C alleles.
Interestingly, the CC genotype was also associated with a significant improvement in mental functions in the Parkinson's patients studied, albeit to a far lesser degree, while there was no significant impact of genotype on activities of daily living. Monoamine oxidase B inhibitors have known antidepressant effects [Shulman et al. 2013] and rasagiline has been shown to improve the UPDRS mental function subscore in Parkinson's disease [Rascol et al. 2011] , including the UPDRS item assessing depressive symptoms [Barone et al. 2015] . It is plausible that these functional DRD2 SNPs also influence dopamine D2 receptor isoform localization in a similar fashion within the mesocorticolimbic system potentially explaining the association with mental functions in Parkinson's disease.
Our hypothesis examining genetic predictors of rasagiline on rate of worsening in Parkinson symptoms from 12 to 36 weeks did not yield any significant associations after correction for multiple testing. There are several potential reasons for this negative finding. The first could relate to issues of statistical power. However, it is impossible to accurately calculate power for this three way interaction in mixed effects models using genetic data, given the number of parameters that would need to be provided that are unknown. Another possible explanation relates to the actual pharmacogenetic trait tested, which involves an interaction between genotype and pharmacological effect -a statistical burden that is higher than that imposed in routine clinical trials. Taken together, our ability to detect statistically significant associations between genetic markers and rasagiline response regarding rate of worsening in Parkinson symptoms from 12 to 36 weeks is limited. However, in examining the clinical response curves (figure 2), those with the CC genotype appear to have a different trajectory in terms of their Parkinson symptom severity over time than A allele carriers. Further work is needed to explore this longitudinal effect of rasagiline stratified based on DRD2 genotype more closely.
This study represents the largest and most comprehensive pharmacogenetic analysis to date examining clinical response to an anti-Parkinsonian drug. Strengths of this study include the unprecedented use of clinical data from both arms of a randomized, placebo-controlled trial, the development of pre-specified hypotheses relating to the known response profile of rasagiline, and the inclusion of functional markers in genes involved in the metabolism and mechanism of action of rasagiline or markers previously associated with the development of Parkinson's disease. There are also important limitations. These include the lack of genome-wide analysis and replication in an independent cohort of rasagiline treated patients that included a placebo comparator, which unfortunately is not available.
We did not observe any effects of these DRD2 SNPs on the total UPDRS change scores between weeks 36 and 48 in the delayed start group at the time that they transitioned from placebo onto rasagiline. While this may be due to a type I error in our initial placebo-controlled peak response analysis or a type II error in the 36 to 48 week analysis, we do not believe that the latter represents a valid attempt to replicate our initial findings. The reasoning behind this is mainly because the 36 to 48 week analysis did not control for placebo effects and, more importantly, the delayed start group had already been treated with placebo for a period of 36 weeks. There is evidence for a substantial placebo effect in Parkinson's disease which is associated with endogenous dopamine release in the striatum and with modulation of neurocircuits involved in reward learning [Fuente-Fernandez, Ruth, Sossi, Schulzer, Calne, and Stoessl 2001; FuenteFernandez and Stoessl 2002; Benedetti et al. 2004; Schmidt et al. 2014] . On the other hand, negative expectations of response to placebo, known as the lessebo effect, have also been observed in Parkinson's disease, can co-exist with positive placebo responses in the same patient, and are more prominent in early stages of disease and with treatment duration under 12
weeks [Mestre et al. 2014] . Dopamine D2 receptors and their isoforms, D2S and D2L, undergo differential desensitization, internalization, and regulation in response to dopamine and other dopaminergic agonists [Guo et al. 2010; Sander et al. 2016; Zhang et al. 1994 ] and these processes may play a role in the placebo and lessebo responses. It is plausible that our findings were not replicated in the delayed start group due to the complexities involved in placebo and lessebo responses together with the longer disease duration and more severe disease of
Parkinson's patients in this cohort. (rs28363170) in SLC6A3 that we also examined. An association was found between clinical response to a levodopa challenge and SLC6A3 VNTRs, rs28363170 and rs3836790, which were in a moderate degree of linkage disequilibrium. The SLC6A3 variants were also associated with a positive response to the levodopa challenge in those randomized to methylphenidate (n=28). This study was limited by the very small sample size, confounding effects of polytherapy, lack of a replication cohort, and failure to correct for multiple testing and the placebo effect. Our study did not find any association between rs28363170 and response to rasagiline (p=0.7), either due to a false positive finding in the small Moreau et al. study, a false negative finding in our study, differences in patient characteristics (for example, early vs. late stage Parkinson's disease), mechanistic differences between the drugs, and/or differences in the response phenotype, that is, response to an acute levodopa challenge versus peak rasagiline response.
It is important to note that our study was a retrospective pharmacogenetic add-on to ADAGIO, which was designed to determine if rasagiline has disease-modifying effects in early Parkinson's disease. ADAGIO had sufficient power to determine efficacy, but it was not designed to identify genetic predictors of response. The significant peak response results could be false positives especially given that we did not have access to an appropriate independent sample that included a placebo comparator to replicate our findings, but given the strong biological evidence behind the DRD2 SNPs it seems plausible to be due to a power issue, warranting further investigation.
We used both FDR and Bonferroni correction. Controlling the false discovery rate using FDR is a more liberal approach, but in our analysis justified by the a priori evidence for the genes we were testing and for known functional effects of several of the selected polymorphisms, as well as the correlation between some of the markers. However, we also used Bonferroni correction as although it is overly conservative it is a standard approach and is useful to consider the results in a broader context. The fact that one of our functional SNPs survived Bonferroni correction and the other was close provides more confidence than could be provided by FDR alone.
What is the clinical relevance of the current findings relating to rasagiline response? To put our findings in the context of initial clinical response to standard doses of levodopa in unmedicated patients with Parkinson's disease, we examined the response curves from the ELLDOPA trial [Fahn, Oakes, Shoulson, Kieburtz, Rudolph, Lang, Olanow, Tanner, and Marek 2004] , which randomized early stage Parkinson's disease patients to either levodopa or placebo. The group of Parkinson's patients treated with levodopa 100 mg in three divided doses daily (total daily dose -300 mg) compared to placebo had an approximate -4 point reduction in their UPDRS score after 9 weeks of treatment. We also examined the response curves from the PROUD trial (ClinicalTrials.gov, number NCT00321854) of early versus delayed start of pramiprexole titrated up to a total daily dose of 1.5 mg [Schapira et al. 2013] . received Food and Drug Administration-mandated product labels recommending the testing of specific genetic biomarkers that relate to clinical response or adverse effects [Kitzmiller et al. 2011] . Given the limitations of this study and the Food and Drug Administration recommendations, a paradigm shift will be necessary in the way that clinical trials in Parkinson's disease are conducted in order for them to be adequately powered to identify pharmacogenomic biomarkers. Clinical trials that include pharmacogenomic hypotheses should be designed a priori to determine statistical power and to ensure that replication samples are ascertained. Increasing collaboration between the pharmaceutical industry, academic clinicians, clinical trial statisticians, statistical geneticists, genomics laboratories, and bioinformaticians will be necessary in order to achieve the promise of personalized medicine in Parkinson's disease.
In conclusion, two functional SNPs, rs2283265 and rs1076560, in DRD2 that lead to alternative splicing of the dopamine D2 receptor were found to be significantly associated with the peak clinical response to rasagiline. The magnitude of improvement seen in Parkinson symptoms after rasagiline treatment in those with the favourable response genotypes is clinically relevant after taking into account placebo effects. While the major and minor alleles are associated with D2S
and D2L receptor isoforms that localize to presynaptic nigrostriatal terminals and postsynaptic GABAergic medium spiny neurons, respectively, the exact mechanisms through which nigrostriatal dopaminergic function is differentially modulated remain unknown. Future work will be needed to elucidate the mechanisms through which these variants operate and to determine if their effects are specific to rasagiline or are generalizable to other anti-Parkinsonian agents. For visualization of the treatment (that is, rasagiline) and placebo-controlled data, we compared mean change in total UPDRS from baseline at 12, 24, and 36 weeks in those with two C alleles (that is, CC genotype) to those with either one C allele or no C allele indicated by A* (that is, CA or AA genotypes are binned together). The rationale for collapsing genotypic groups is based on the small number of individuals with the AA genotype (n=14 placebo, n=9 treated); for CC genotype: n=226 placebo and n=220 treated; for CA + AA genotype: n=93 placebo and n=96 treated. Week 0 represents the mean change baseline values, that is, 0 as the baseline measure is taken at this time. As evidenced by the plots, treated carriers of the A allele did not only show a lack of initial improvement in Parkinson's disease symptoms, but they also took longer for a drug effect to be seen with clinical stabilization being achieved by 24 weeks. Week 48 data is also included for only the delayed start group indicating that those with the CC genotype were consistently less symptomatic at weeks 36 and 48 than those with the CA + AA genotypes. 
